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Abstract- We propose a new single-mode and polarization- 
maintaining three-dimensional optical waveguide. The struc- 
ture of the optical waveguide proposed here consists of lami- 
nation of very thin-films of two optical materials with different 
refractive indices and the rib-type waveguide for the confine- 
ment of the optical field in the vertical and horizontal direction 
respectively. The method of analysis is fundamentally based 
on the equivalent multi-mode transmission line model and the 
transverse resonance condition. By this method, the propaga- 
tion properties of the guided wave for various structure param- 
eters are investigated. Some new numerical and useful results 
are obtained. 
I. Introduction 
A single-mode and polarization-maintaining planar-type 
three dimensional(3-D) optical waveguide will be strongly 
needed in near future for the integration of optical circuits. 
This need will be accelerated with the advent of a single- 
mode and polarization-maintaining optical fiber. The conven- 
tional three or four layers or ion-exchanged optical 
waveguides have two types of propagation modes, i.e. TE-like 
and TM-like modes. However they are almost degenerate for 
any case so that it is difficult to realize the single-mode and 
polarization-maintaining optical waveguide with these struc- 
ture. On the other hand, it is well-known that the lamination of 
very thin-films of two optical materials with different refrac- 
tive indices exhibits the artificial birefringence effect[l]-[4]. 
Basing upon these properties, we propose a new planar-type 3- 
D optical waveguide. Thus the structure consists of the lami- 
nation of very thin-films of two different optical materials and 
of rib-type side structure, as shown in Fig.1. 
As for the method of analysis, many numerical or analytical 
methods have been developed to study the propagation charac- 
teristics of 3-D optical waveguides. However, surface-wave 
planar circuit concept[6] is used here. The method is funda- 
mentally based on the equivalent multi-mode transmission 
lines model in the vertical and horizontal direction and the 
transverse resonance conditions. 
Finally practical 3-D multilayered optical waveguides, which 
consists of the lamination of Si02 and Ti02 on the substrate as 
shown in Fig.1, are analyzed and numerically discussed. Some 
useful results are obtained. 
. 11. Structure and Method of Analysis 
A .  Structure arid Working Mechanism 
The structure of the 3-D optical waveguide proposed here 
consists of the lamination of very thin-films of two different 
optical materials and of rib-type side structure for the confine- 
ment of the optical field in the vertical and horizontal direction 
respectively. The former structure is used for the realization 
of large separation of TE and TM mode degenerate situation, 
where optical materials of the film(m and nH) and substrate( 
ns) combination of these optical material, the ratio(R=dH/dL ) 
(a) Multilayered thin-film slab structure 
and refractive indix distribution. 
(b) Rib type 3-D optical waveguide U 
Fig.1 Structure of the multilayered thin-film 
three dimensional optical waveguide. 
of the thickness of the two laminated optical material, number 
of thin-film layers(N), total thickness(D) and operating wave- 
length( ). ) will contribute to the value of effective refractive 
index of the dominant mode and the degree of mode separa- 
tion which, in return, can be used for the control of mode sepa- 
ration degree and effective refractive index of the dominant 
mode; the latter structure is used for the mode suppression of 
the unwanted higher modes, where the parameter of rib-type 
side structure(i.e. total thickness(D' ) and number of thin-film 
layers(") will contribute to vary the effective refractive index 
which, in return, can be used for the control of the unwanted 
higher modes radiation[5]. Through these mechanism, the sin- 
gle-mode and polarization-maintaining 3-D optical waveguide 
is realized. 
B. Method of analysis 
Since the theoretical treatment has been described by the au- 
thors[6]-[7], only the principle steps will be explained. 
The method is fundamentally based on the equivalent multi- 
mode transmission line model in the vertical and horizontal di- 
rection and the transverse resonance condition. The corre- 
sponding equivalent transmission line model in two direction 
are derived from the surface-wave planar circuit[6] and mode 
coupling equations at step discontinuity[7] as shown in Fig.2. 
Based on these equivalent circuit and definition of mode 
voltage column matrix at port 1 and port 2, the following char- 
acteristic matrix equation is obtained. 
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where y g ) ,  Y$) are effective side-wall admittance. 
y l E l H  y l E l E  
eff eff 
By making the determinant of this matrices zero, propaga- 
tion constants of the 3-D optical waveguide can be calculated. 
Also from the eigenvector, the transverse field distribution of 
the propagation modes can be calculated. 
Hence, the first step in the analysis is to find the propagation 
constants and eigenfunctions of waves propagating in the mul- 
tilayered thin-film slab structure of inside and outside from 
table I. This step makes it possible to express the transverse 
components of the electromagnetic fields in inside and outside. 
The next step is to look the mode voltage and current ampli- 
tudes which satisfy the continuity conditions of the tangential 
fields at the rib-type step discontinuity by using above men- 
tioned matrix equations. 
In these analysis, sufficient number of each TE and TM mode 
are taken into consideration in order to satisfy the continuity 
condition of the tangential field components at the step discon- 
tinuity in rib-type waveguide. 
Also non-radiative continuous spectrum is discretized by 
placing the metallic top and bottom walls properly and far 
away from the optical waveguide. 
m. Numerical Results 
The propagation constants and the corresponding field distri- 
butions for the practical structure shown in Fig.1 are calculat- 
ed, based on the above mentioned method. The structure pa- 
rameters are chosen as follows: refractive index of T , 0 2 :  
n ~ = 2 . 4 9 ,  SiO2:  n ~ = 1 . 4 7 ,  substrate: ns =1.512, the ratio of 
thin-film layer dH/dL= 0.2, the total thin-film thickness D= 
0.6pm. and the operating wavelength h=0.6328pm is assumed. 
1. necessary number of thin-film layers to separate TE and TM 
propagation modes sufficiently. 
2. necessary number of thin-film layers at the rib-type side 
structure to realize a single mode and polarization-maintain- 
ing character. 
3. necessary number of TE and TM higher modes to describe 
the transverse field distribution of optical waveguide fully. 
A .  Effective refractive index for the multilayered tlzin-film slab 
Usually it is pointed out that when dH, dL < < A ,  large birefrin- 
gence effects appear, but it is not clear how much small to 
make the dimensions of dH and dL. In order to investigate how 
many layers are necessary to separate TE and TM mode, the 
effective refractive index for multilayered slab structure with a 
given total thickness are calculated as a function of the number 
of layers and the ratio R=dH/dL. One of the numerical results 
with R=0.2, D=0.6pm is shown in Fig.3. From Fig.3, we can 
say that the effective refractive index for each mode will con- 
verge to a certain value with the number of layers; it is almost 
converged beyond N=10 layers. Hence, in the following calcu- 
lation I O  layers with D=0.6pm are assumed at the inside guid- 
ing structure. 
B. PropaPation constants qf 3-0 rib-type optical wavepuide 
Propagation constants of the practical rib-type 3-D optical 
waveguide are calculated as a function of waveguide width W 
with the number of rib-type side layers as a parameter. 
of step-type side structure are also shown in Fig.4(a) for the 
Here also following items are investigated. 
The calculated results are shown in Figs.4, where the results 
(ns=l.  512) 
(a) Transmission line model in the height direction 
(b) Transmission line model in the horizontal direction 
Fig.2 Multilayered thin-film rib-type 3-D waveguide and 
its equivalent circuit . 
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comparison and discussion. From these figure we can say that 
1) There exist 2 TE and 1 TM surface-modes in the main 
structure as clear from Fig.3. 
2) For the step-side structure, all 3 surface-modes are totally 
reflected at the both sides so that there exist three kinds of TE- 
like and TM-like modes. 
3) When 4 layers of rib-type side structure, the effective re- 
fractive index of the side structure becomes neff =1.56, which 
makes the TMi, and TE2 surface-modes of the inside structure 
to radiate outside. Hence only TE1 mode exists below W=lum 
width: the optical waveguide can be operated as the single 
mode and TE-polarization maintaining waveguide. 
4) As number of layers at the side structure are increased 
more, the waveguide operates as a single mode and TE-polar- 
ized mode in the range up to line-width W=2.0 Pm. For 
example,the range is increased from 1 um(4-layers in Fig.4(b)) 
to about 2um(8-layers in Fig.4(d)). 
C. Field distribution of the 3-0 optical waveguide 
At the rib-type step discontinuity, higher TE and TM modes 
are excited to satisfy the boundary conditions. Enough num- 
ber of higher TE and TM modes then are taken into account 
according to the accuracy required. In this case, 25 TE and 25 
TM modes are taken at each region. As an example, Figs.5 
show the field distributions over cross section for the dominant 
TE-like mode(Ef]) and second higher width TE-like mode(Efl) 
at the points labeled on curves in Fig.4(a), (d). 
N. Conclusion 
A new single-mode and polarization-maintaining 3-D rib- 
type optical waveguide having the multilayered thin-films 
structure is proposed, and its propagation properties are ana- 
lyzed based on the surface-wave planar concept. 
Following conclusions are also obtained for the multilayered 
thin-films of T ,  0 2 and S i 0 2 materials. 
1 .  About N=10 layers are enough to separate TE and TM 
mode sufficiently. 
2. Ratio of d ~ / d ~ = 0 . 2  gives the reasonable effective refractive 
index for the dominant mode. 
3. Number of thin-film layer at the rib-type side structure can 
surely control the unwanted higher modes to radiate. 
4 .25 TE and 25 TM modes are roughly enough to describe the 
two dimensional field distribution of the 3-D optical wave- 
guide. 
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Fig.4 Modal refractive index plotted as a function of the 
line-width for multilayered thin-film polarization- 
maintaining 3-D optical waveguide. 
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k :unit vector toward height direction ko=moEqp 
(a) step-type waveguide 
Fig.5 Field distributions of the dominant E t  and second higher mode at the points labeled on 
curves in Figs.4(a), (d). (a) step-type waveguide in Fig.4($; (b) rib-type waveguide in Fig.4(d). 
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